A theoretical model is developed for cooling procedure for vertical flow sinters. The model is reliable for predicting the operational parameters. The pressure drop and the heat transfer are studied for several conditions. a r t i c l e i n f o 
Introduction
The energy consumption of the sintering process accounts for 10-15% of the total iron and steel of energy consumption. It is extremely urgent to conserve energy in iron and steel because of the continuing tension for resources. From this viewpoint, increasingly more researchers are paying attention to the energy conservation and emission reduction to optimize the sintering process. The performance of the annular cooler, which is commonly used, affects the cooling efficiency, the reliability and the energy conservation. A huge amount of heat is recovered from the sinter cooling process and can be reversed to electrical energy.
Many experts and scholars have studied the cooling process of sinters using numerical simulations. The purpose is usually to optimize the operating parameters by investigating the flow and heat transfer of a sintering cooler bed. Caputo et al. [1] developed a simulation model for gas-solid beds that considered the thermal behaviour and the actual heat recovery of a sintering cooler bed for different design and operating parameters. Caputo et al. [2] also developed a two-dimensional time-dependent convectionconduction heat transfer model for cooling beds to optimize the size of the air capture hoods for heat recovery systems. Zhang et al. [3] developed a mathematical model for the sinter cooling process. Several parameters were analysed in the study: the size of the sinter, inlet velocity, material height, porosity and inlet temperature. The model results were consistent with the test data. Some researchers established three-dimensional models to simulate the flow, the heat transfer and the relevant parameters. Leong et al. [4] used the CFD (Computational Fluid Dynamic) method to investigate the different distributions of the sinter layer porosity that cause the temperature difference of the sinter cooler. Both numerical and experimental methods were used in the study of Jang et al. [5] . The three-dimensional turbulent, transient fluid flow and heat transfer were analysed using a four-row packed sphere bed model. A correlation equation among the particle diameter, Reynolds number and Nusselt number was provided. Some experts and scholars studied the gas-solid heat transfer process in the different bed layers and found its heat transfer rules. Dong et al. [6] established a physical model to study the gas solid heat transfer process. The results demonstrated that the gas sinter ratio and bed layer depth significantly affected the variations of the sinter temperature, the gas outlet temperature and exergy value. Zhang et al. [7] established a mathematical model for the cooling process in a sinter circular cooler. In the optimizing study, several parameters such as the height and porosity were considered. Feng et al. [8] studied the basic law of the gas flow in a vertical tank using CFD and user defined functions (UDF). The results showed that the influencing factors of the gas flow field were the radial voidage distribution of the bed layer and the pre-stored segment diameter. The leakage of the sinter cooling system seriously affected the cooling system function and the waste heat recovery. Dong et al. [9] analysed the reason of the air leakage of the sintering cooling system and the mechanism that affects the waste heat recovery. Two control methods were proposed to decrease the leakage, reasonably set the total pressure of the cooling system and reduce the flow rate and total pressure of the draught fan.
However, conventional technology provides notably low efficiency in recovering the heat energy because of the air leakage in the system. To solve the problem, a new sinter cooling craft is designed, as shown in Fig. 1 [10] . Two parameters are important for the new craft design, namely, convection heat transfer coefficient and air pressure drop in the sinter layer. In this article, the convection heat transfer coefficient and air pressure drop in sinter layer are experimentally studied.
Methodology

Particle size distribution
The sinter particle size distribution is complex. There are differences in the particle size distribution among different steel plants.
In this article, the particle size distribution is specified as shown in Table 1 [11] . These data were derived from the measurement of a certain enterprise. An intermediate value of each range is used in the analysis. For example, 2.5 mm is used to replace the range of 0-5 mm; 70 mm represents the range above 50 mm.
Properties and parameters
In the cooling process, the hot sinter flows downward, whereas the cold air flows upward. The cold air removes the heat of the hot sinter, and the pressure drop occurs in the sinter layer. The air properties and sinter properties vary with temperature. Then, in the analysis, some air properties are obtained using the following equations. The sinter specific heat capacity is calculated using Eq. (5), which is deduced by Ref. [12] . Other properties are specified in Table 2 . Some additional parameters are required before analysing the heat transfer and flow process in the vertical device, such as, cooling device diameter, cooling efficiency, sinter flow rate, sinter inlet temperature, sinter outlet temperature, cooling air inlet temperature and cooling air outlet temperature.
Analysis method
This article studied the heat transfer and the pressure drop in the sinter layer. Fig. 2 shows the flow chart to analyse the vertical flow sinter cooling. In the device, the temperature of the cooling air increases when it flows upward, whereas the temperature of the hot sinter decreases when it flows downward. Several properties of the air and the sinter are nonlinear with temperature. Therefore, the cooling procedure of the vertical flow sinter in the device is divided into many units to avoid introducing errors. The heat transfer and pressure drop in each sinter unit are orderly studied. Finally, the data for the entire device are obtained. According to the previous description, this unit can be named the layer unit.
There are two main heat transfer modes in the sinter layer: heat conduction in the sinter particle and convective heat transfer between sinter and air. There may also be heat transfer among the sinter particles or between the sinter and the inner wall of the device. However, the latter heat transfer is ignored because it is less important for the final results. Although the device is well insulated, heat loss from the device to the environment is unavoidable. The efficiency of the device can be expressed as
The sinter shape is approximately round like a ball. To simplify the problem, each sinter is considered a standard sphere. The sphere can be divided into many units: a small solid sphere and several hollow spheres, as shown in Fig. 3 . These units are called particle units. Consequently, the heat conduction in the sphere is also divided into many micro procedures. For each hollow sphere, the thermal resistance can be expressed as [13] 
For each hollow sphere, the temperature difference between the internal and the external walls is expressed in Eq. (8). All n-1 micro hollow spheres compose an entire hollow sphere. For the entire hollow sphere, the temperature difference is expressed in Eq. (9). Hence, Eq. (10) is obtained.
In the heat transfer procedure, all heat comes from the hot sinter particle, which indicates that the heat flux through each hollow sphere is proportional to the volume of its wrapped solid sphere. From the above analysis, the thermal resistance of the entire sinter particle is expressed as
It is worth noting that the thermal resistance of the micro solid sphere is not considered because the value tends to be infinity according to Eq. (7). However, if the number of the divided micro spheres is sufficiently large, the final result is sufficiently accurate. A larger number corresponds to a more accurate result.
The convective heat transfer in the sinter layer is calculated using Eq. (12) [14] . Reynolds number and Prandtl number in the equation are computed using Eqs. (13) and (14), respectively. Then, the convective heat transfer coefficient is obtained using Eq. (15) . According to Eqs. (11) and (15), the total heat transfer coefficient is obtained using Eq. (16) . It is worth noting that the parameters in the equations must correspond to the considered layer unit.
Re ¼ 
As shown in Eqs. (11), (13), (15) , and (16), the total heat transfer coefficient is related to the sinter particle size. However, there are six particle size ranges instead of a constant value. A model is proposed to study the heat transfer in the considered layer unit, as shown in Fig. 4 . Each sinter group in the layer unit is arranged as a vertical column, and an intermediate value of each range represents the sinter group particles. For each sinter group, the logarithmic mean temperature difference (LMTD) and specific surface area are computed using Eqs. (17) and (18) For the layer unit, the sinter specific heat quantity is expressed in Eq. (19). In order to ensure the cooling effect, the maximum cooling time of all the particle sizes is selected as the unit cooling time, as shown in Eq. (20a). In this article, the sinter range number n is equal to 6. A coefficient is used considering the non-uniformity caused by the boundary effect. The non-uniformity coefficient is commonly used in the design calculation of the CDQ (Coke dry quenching) process. When the sinter flows downwards, the sinter layer becomes looser than the static situation. Then, the cooling air runs more smoothly and more quickly removes the heat. Therefore, a loose coefficient f 2 is introduced to consider this effect. In the analysis of the CDQ process, the loose coefficient is specified as 1.1 [16] . The volume weight should be used in the equation because it denotes the height percentage. In this article, the porosity and the pile density are considered constant, so the volume weight is replaced by the quality weight. Consequently, the height of the layer unit can be calculated according to Eq. (21). It is worth noting that the sinter layer is divided by the air temperature instead of the height. Therefore, the temperature drop is identical for each layer unit, while the height difference is inconsistent. i-1 i i+1 Fig. 3 . Analysis model for a single sinter particle (particle units).
In the design calculation of the sinter ring cooler, a method is used to estimate the air pressure drop in the sinter layer [11] . The air pressure drop is expressed as 
where u air;superficial;N is the air normal superficial velocity in the sinter layer, and M is the permeability of the sinter layer. The term M can indicate the sinter properties, and its value can be obtained from Fig. 5 with respect to the screening efficiency, which is measured using a sieve with a pore size of 12.7 mm. Ergun [17] proposed an empirical relation to calculate the pressure drop through a packed bed, as shown in Eq. (23). However, the diameter of the considered sinter layer varies in a large range. To calculate the pressure drop of the sinter layer, an analysis model is proposed. As shown in Fig. 6 , the entire layer unit is arranged as five horizontal groups according to the particle size. Then, the pressure gradient in each horizontal group is separately calculated, and the pressure gradient in the entire layer unit is obtained by adding the separate values with the weighted method, as shown in Eq. (24). The quality weight is used in the equation instead of the volume weight because of the reason in Eq. (20).
When the pressure gradient of each layer unit is obtained, the pressure drop in the entire sinter layer can be expressed as
Results and discussion
Using the aforementioned theoretical method, some important parameters are analysed. The variations of the heat transfer and the air flow parameters along the cooling device are shown in this chapter. The relationship of the parameters is also obtained.
Heat transfer and flow parameters in the cooling device
In the theoretical study, the cooling device is divided into several units considering the variation of the parameters along the cooling device. Then, the analysis can provide more accurate results than taking it for granted that the heat transfer and the flow are identical in the entire cooling device. In this section, all operating parameters are specified, as shown in Table 3 . The heat transfer and the flow situation are studied along the cooling device height. temperature along the cooling device, the temperature lines are not straight. This phenomenon will be neglected if it is only studied with the entire cooling device. As shown in Fig. 7b , the air normal superficial velocity increases along the cooling device height. In the upper part of the cooling device, the temperature is higher. The high temperature indicates a low density. With a constant flow rate of the cooling air, the normal superficial velocity increases with decreasing the density. The sinter has a higher heat quantity at a higher temperature. Therefore, the specific heat flux also increases along the cooling device. The sinter specific heat flux and the convective heat transfer coefficient in each unit affect the cooling time. Both factors vary along the cooling device, whereas the specific cooling time maintains the constants throughout the cooling device, as shown in Fig. 7c because the cooling time is directly proportional to the height of the sinter layer, as indicated in Eq. (21a). The specific pressure drop is positively related to the air normal superficial velocity according to Eq. (23). With the constant specific cooling time, the specific pressure drop increases along the cooling device height.
Effect of the cooling device diameter
This section studies the effect of the cooling device diameter and the cooling air temperature on the other device parameters, namely, the cooling air flow rate, the cooling time, the device height and the pressure drop. Table 4 shows the specified parameters. The range of the cooling device diameter is from 8 to 11 m. The coldest cooling air considered is specified as 20°C to imitate total nature air, whereas the hotter cooling air is used to imitate the circulating cooling air from the waste heat boiler.
The cooling air flow rate is related to the cooling air import and export parameters, the sinter import and export parameters and the sinter flow rate. In the analysis, the sinter flow rate remains at 400 t/h, and the sinter import and export temperature are constant, so the heat quantity has a unique value in this section. In addition, the cooling air outlet temperature also remains constant. Therefore, the normal volumetric flow rate increases with the increase in cooling air temperature but is not related to the cooling device diameter, as shown in Fig. 8a . The increase in cooling air Table 4 Parameters specified for analyzing the cooling device diameter effect. flow rate helps enhance the convective heat transfer coefficient according to Eqs. (12) and (13). Additionally, the mean air parameters in the entire cooling device, namely, specific heat capacity, density and heat conduction coefficient, lightly vary with the variation in cooling air temperature. However, the logarithmic mean temperature difference dominates the cooling time, compared with the convective heat transfer coefficient and the mean air parameters. The logarithmic mean temperature difference decreases rapidly with the cooling air inlet temperature, which causes the rapid increase in cooling time, as shown in Fig. 8b . Fig. 8 also shows that the cooling time increases with the increase in cooling device diameter because the cooling air normal superficial velocity and the convective heat transfer coefficient significantly decrease when the cooling device diameter increases. The low convective heat transfer coefficient leads to a high cooling time, which is indicated in Eq. (20).
As shown in Eq. (21), the sinter layer height is determined only by the cooling time and cooling device diameter with constant sinter mass flow rate and sinter pile density. Consequently, the trend of the sinter layer height is similar to the cooling time, as shown in Fig. 8c . However, there is a negative correlation between the sinter layer height and the cooling device diameter. Obviously, the cooling device diameter dominates the result. Eqs. (23)- (25) are used to compute the pressure drop. Many parameters affect the pressure drop, but the sinter layer height and the cooling air normal superficial velocity are more important. Fig. 8d obviously shows that the trend of the pressure drop is similar to the sinter layer height. The pressure drop increases increasingly rapidly with the decrease in diameter, which is caused by the increase in cooling air normal superficial velocity.
The influence of the sinter flow rate
In this section, the considered parameters are the cooling air flow rate, the cooling time, the device height and the pressure drop. The difference is that the independent variables are the sinter flow rate and the cooling air temperature. The parameters are specified in Table 5 . The cooling air temperature varies from 20°C to 180°C. The sinter flow rate is 300-500 t/h.
As shown in Fig. 9a , the cooling air flow rate increases with the increase in sinter flow rate. The heat quantity removed by the cooling air increases with the increasing sinter flow rate. Therefore, a higher sinter flow rate corresponds to a higher cooling air flow rate. The high cooling air flow rate implies high normal superficial velocity and high convective heat transfer coefficient. Then, the sinter layer requires a shorter cooling time with a high sinter flow rate, which is obvious in Fig. 9b . The shorter cooling time helps reduce the sinter layer height, whereas the higher sinter flow rate makes the sinter layer height increase. Under the effect of the two factors (sinter flow rate and cooling time), the sinter layer height increases with the increasing sinter flow rate, as shown in Fig. 9c . This result illustrates that the mass flow rate has a stronger effect than the cooling time on the sinter layer height. As explained in the previous section, the sinter layer height and the cooling air normal superficial velocity affect the pressure drop. Therefore, the trend of the pressure drop is similar to the sinter layer height, as shown in Fig. 9d .
Effect of the hot sinter temperature
The temperature of the sinter that flows downwards from the sintering machine is commonly 750-800°C. However, some heat may be lost in the transport process in the improved technology. Because the newly built technological system can certainly reduce the loss, in this section, the hot sinter temperature and the cooling air temperature are used as independent variables. The parameters are specified in Table 6 . The hot sinter temperature is 650-800°C, while the cooling air temperature remains in the range of 20-180°C.
The heat quantity removed by the cooling air is determined by the sinter flow rate and hot sinter temperature and is positively correlated with the two factors. Therefore, the cooling air flow rate increases with the increase in hot sinter temperature, as shown in Fig. 10a . This analysis explains that a high cooling air flow rate helps reduce the cooling time. In this section, the hot sinter temperature is also an independent variable. As indicated in Eqs. (19) and (20), the hot sinter temperature plays a positive role in increasing the cooling time. However, the cooling air flow rate obviously dominates the trend of the cooling time. Consequently, the cooling time decreases with the increase in hot sinter temperature, as shown in Fig. 10b . As shown in Eq. (21), there is only independent variable: the cooling time. Then, the sinter layer height shows a nearly identical trend as the cooling time, as indicated in Fig. 10c . In Fig. 10d , the pressure drop increases with the increase in cooling air temperature. The pressure drop first decreases and subsequently increases with the hot sinter temperature. A detailed trend is also provided to show the variation of the pressure drop with the hot sinter temperature. Fig. 10d clearly shows that there is a minimum pressure drop. As explained above, the sinter layer height and the cooling air normal superficial velocity affect the pressure drop. For both parameters, high values lead to a high pressure drop. In this section, the two factors are consistent in strength. When the hot sinter temperature is low, the sinter layer height dominates the trend of the pressure drop, which decreases with the increasing hot sinter temperature. When the hot sinter temperature is high, the sinter cooling air normal superficial velocity dominates the trend of the pressure drop, which increases with the increasing hot sinter temperature.
Conclusions
In this article, a theoretical method is proposed to study the heat transfer and the flow process in vertical flow sinters. Several important parameters were analysed, namely, the cooling air flow rate, the cooling time, the device height and the pressure drop.
(1) Because of the inconstant properties of the sinter and the cooling air with temperature, the parameters trends are curve along the cooling device, such as the cooling air temperature and cooling air superficial velocity. The specific heat flux, the cooling air superficial velocity and the specific pressure drop increase along the cooling device. The specific cooling time is constant throughout the entire cooling device. (2) When the cooling device diameter and the cooling air temperature are set as independent variables, the normal volumetric flow rate is not related to the cooling device diameter. The cooling time increases with the increase in cooling device diameter, whereas the sinter layer height has a negative correlation with the cooling device diameter. (3) When the sinter flow rate is set as an independent variable instead of the cooling device diameter, the cooling time decreases, whereas the sinter layer height increases with the increasing sinter flow rate. (4) Both cooling time and sinter layer height decrease with the increase in hot sinter temperature. It is important to note that the pressure drop has a minimum value that varies with the hot sinter temperature.
